Abstract The effects of intracerebroventricular (icy) vasoactive intestinal polypeptide (VIP), secretin, glucagon, and cholecystokinin-octapeptide (CCK-8) on the thermoregulatory and cardiovascular systems were studied in conscious rats. The icy injection of VIP at a dose of 10 µg produced hyperthermia with an increase in the positive difference between the interscapular brown adipose tissue (BAT) and colonic temperatures (TBAT-Tao), but had little effect on nonevaporative heat loss. Mean arterial blood pressure and heart rate increased following the icy VIP. The results were consistent at ambient temperatures (Ta) of 18, 23, and 28°C. The icy injection of secretin at doses of 1 and 10 µg at Ta of 23°C produced hypothermia with a decrease in (TBAT -Tao) and elevated blood pressure without any change in heart rate. The 10 µg of icy glucagon had no effect on the thermoregulatory and cardiovascular systems. The large dose of icy CCK-8 (10 µg) induced persistent hyperthermia. Nonsulfated-form CCK-8 and CCK-tetrapeptide, however, were ineffective on all variables measured. These results indicate that the central VIP activates BAT thermogenesis and induces hyperthermia, but has a minimum effect on nonevaporative heat loss. Although VIP, secretin, and glucagon have similarities in terms of chemical structure, their effects on body temperature, BAT thermogenesis, and the cardiovascular system are quite different.
Similarly to the other gastrointestinal peptides, vasoactive intestinal polypeptide (VIP) exists in the central nervous system at a high concentration and is contained preferentially in the synaptosomal fraction (BEssoN et al., 1979) . Intracerebroventricular (icy) injections of VIP have been shown to produce hyperthermia concomitant with the facilitation of shivering activity in cats (CLARK et al., 1978) and in rats (IToH and HIROTA, 1982) . These findings suggest that the central VIP may play a role in thermoregulation through acting as a neurotransmitter or a neuromodulator in mammals. Autonomic temperature regulation is achieved by controlling metabolic heat production, which consists of shivering and nonshivering thermogenesis (NST), and heat dissipation. In rodents, the brown adipose tissue (BAT) is well known as a main site of NST. However, detailed investigations are lacking concerning the effect of icy VIP on BAT metabolism. Moreover, precise measurements have not yet been made in heat loss or heat conservation response during VIP-induced hyperthermia. The present study was, therefore, undertaken to examine the effects of icy VIP on BAT thermogenesis and heat balance in the conscious rats with direct and indirect calorimetries.
As repeatedly reported (HOHTOLA et al., 1980; SHIBATA, 1982; NUNOMURA, 1983; , shivering and NST are greatly affected by baroreflex following a rise in systemic arterial blood pressure. These reports indicate that monitoring blood pressure is indispensable for assessing the influence of some substances on metabolic heat production. Furthermore, little is known about the effect of icy VIP on the cardiovascular system. Thus in the present study, the changes in mean arterial blood pressure and heart rate following an icy injection of VIP were simultaneously checked.
In the second part of the present study, we examined the central effects of the other gastrointestinal peptides, i.e., secretin, glucagon, and cholecystokinin (CCK), on the thermoregulatory and cardiovascular systems. The former two peptides are known to have the analogous amino acid sequences to VIP (STEWART and CHANNABASAVAIAH, 1979) , and icy CCK has been shown to have a role in thermoregulation of rodents (KATSUURA and ITOH, 1981; KANDASAMY and WILLIAMS, 1983; SHIAN and LIN, 1985) .
METHODS
Animals and preparations. Male Wistar rats, initially weighing 280-300 g, were used. They were kept individually in rat cages in an animal room at an ambient temperature (Ta) of 23± 1°C with a 12: 12 LD cycle (light on at 0600) and were provided laboratory rat chow and tap water ad libitum. In all rats, a 22-gauge stainless steel cannula was stereotaxically implanted into the left lateral ventricle under pentobarbital sodium (50 mg kg -1) anesthesia. A stainless steel stylet was inserted into the cannula to prevent obstruction. The location of the cannula was determined through dye injection after the rats were sacrificed by a large dose of anesthetics at the termination of the experiment. From 2 days after the surgery, the rats were loosely restrained in a cylindrical wire mesh cage used in the experiment for 4 h almost every day for at least 8 days to get them accustomed to the experimental situations. Two days before the measurements, the rats underwent a second operation under the same anesthesia as in the first operation. A Cu-Ct thermocouple covered with a polyethylene tube was directed toward Sulzer's vein to measure the The lead wire and catheter were exteriorized through the back skin of the neck. Additionally, 4 copper wire electrodes for ECG recording were sutured on the chest of the rats. Measurements. On the day of the measurements, the rats were loosely restrained in the cylindrical wire mesh cage. A thermocouple covered with polyethylene tube (o.d., 1.5 mm) was inserted 7 cm into the colon and another thermocouple was attached to the middle portion of the ventral side of the rat's tail with surgical tape. The stylet was removed and a stainless steel needle connected with a polyethylene tube containing the drug solution was set into the ventricular cannula. The rat in the cage was then transferred to a direct calorimeter (NAGASAKA et al., 1979) . A shallow vinyl chloride pan filled with vegetable oil was set underneath the cage to collect the rats' wastes to avoid evaporation. The wall temperature of the direct calorimeter was set at either 18.0, 23.0, or 28.0°C with an accuracy of 0.02°C, and temperature-controlled fresh dry air was introduced into the chamber at a constant rate of 1.81. min-1.
The colonic (T0), tail skin (TSk), and BAT (TBAT) temperature were measured with the thermocouples. The positive difference between TBAT and Tao (TBAT -Tao) was taken as an indicator of BAT thermogenesis. Oxygen consumption was measured with a Zirconia 02 analyzer (LC 700E, Toray, Osaka) and the rate of metabolic heat production (M) was calculated, assuming RQ = 0.83. Nonevaporative heat loss (R + C + K) was measured with the direct calorimeter. BP was monitored with a pressure transducer (MPU-0.5, Toyo Baldwin, Tokyo) via the arterial catheter and heart rate (HR) was counted every 2 min from the ECG recordings. All variables except for HR were continuously recorded on the potentiometers (SP-H6P, Riken Denshi, Tokyo). After the records had been stabilized for 60 min, VIP (1 or 10 µg), secretin (1 or 10 jig), glucagon (10 µg), C-terminal octapeptide of sulfated-form CCK (sCCK-8, 1 or 10 µg), nonsulfatedform CCK-8 (nCCK-8, 10 jig), and CCK-tetrapeptide (CCK-4, 10 µg) dissolved in 5 µl sterile saline were injected into the left lateral ventricle of the rats (all peptides were purchased from Peptide Institute Protein Research Foundation in Osaka). Measurements were continued for a subsequent 40 min. Saline was used as the vehicle control and the rats were tested twice on different days.
Statistics. The results are presented as the mean ± S.E. Statistical evaluation of the data was performed by a one-way ANOVA across time and the statistical significance of the difference between the groups was assessed by paired and unpaired Student's t-test or Scheffe's multiple comparison test where appropriate. The level of significance was set at p <0.05. 
RESULTS

Effects of VIP
The mean resting values of all variables were obtained for 4 min just before the icy injection of VIP at three different Tas (Table 1) . As Ta increased, the resting TSk significantly increased but (R + C+ K), M, and HR decreased significantly. At the same Ta, however, there were no significant differences between groups in all variables. Figure 1 illustrates the changes in Tao, M, and (TBAT-Tao) following the icy VIP at Ta of 23°C. The 10 µg of VIP significantly increased Tao from 6 to However, these changes in TSk and (R + C+ K) were not statistically significant. The larger dose of VIP slightly but significantly increased BP and HR for an initial 10 min at any Ta tested (Fig. 2) . Although the time courses did not differ among the three Tas, the rise in BP was significantly greater at Ta of 28°C than that at the other two TaS.
Effect of other peptides Measurements were made after icy injection of secretin, glucagon, nCCK-8, Japanese Journal of Physiology sCCK-8, and CCK-4 at Ta of 23°C. Figure 3 shows the changes in Tao, (TBAT-Tea), BP, and HR in the rats administered 1 (n = 4) and 10 jig (n = 4) of secretin. The icy secretin produced the significant hypothermia following a slight reduction in (TBAT-Tao) and M. The magnitude of fall in Tao was significantly greater in 1-µg-injected rats than in 10-,ug-treated rats. Similarly, the extent of reduction in (TBAT-Tao) and M tended to be greater following the icy injection of secretin at the smaller dose. Marked rises in BP occurred at lasted for 10 and 34 min after the injection of 1 and 10 µg of secretin, respectively. The 10 jig of secretin produced a significantly greater rise in BP than the 1µg. The hypertension was accompanied by neither tachycardia nor reflexive bradycardia. In association with the prompt rise in BP, TSk and (R + C+ K) sharply increased in the half of the secretin-injected rats. The high TSk and (R + C + K) continued for only 4 min after the injection and was quickly restored to the pre-injection levels. The icy glucagon at a dose of 10 µg (n =7) had no significant effect on all variables measured at this ambient temperature. Figure 4 shows the changes in Tao, (TBAT -T0), BP, and HR in rats injected with 10 µg of nCCK-8 (n = 4), sCCK-8 (n = 8), and CCK-4 (n = 4). The icy sCCK-8 significantly raised Tao, BP, and HR with a slight increase in M but had no effect on (TBAT-Tao). The hyperthermia persisted for at least 40 min. The icy nCCK-8 tended to increase Tao but the change was not statistically significant. Both nCCK-8 Vol. 39, No. 3, 1989 and CCK-4 had no practical effect on Tao, (TBAT -Tao), and the cardiovascular system. TSk as well as (R + C + K) did not change following the icy injection of CCKs. In additional measurements, sCCK-8 at a dose of 1 µg was injected into the lateral ventricle in two examples (data are not shown); however, there were no apparent changes in all variables tested.
DISCUSSION
The present results confirm the foregoing reports that the icy VIP produces hyperthermia (CLARK et al., 1978; ITOH and HIROTA, 1982) . The enhancement of BAT heat production obviously appears to contribute to the VIP-induced hyperthermia at any Ta tested, because the positive difference between BAT and colonic temperatures, an indicator of BAT activity, significantly increased. On the other hand, the icy VIP appears to have little effect on heat dissipation or heat conservation mechanism. In several examples, nonevaporative heat loss and TSk increased after a quite long latency (approx. 25 min) following the icy VIP. When the tail skin vasodilation occurred, the responses in BAT, heat production, BP, and HR to the icy VIP had already ended and only body temperature was kept at a higher level. Thus the heat loss response may have originated from thermoregulation against the hyperthermia induced by VIP. With regard to heat conservation response, some examples tested at Ta of 28°C showed a transient decrease in the tail skin Japanese Journal of Physiology temperature just after the icy injection of VIP. This finding may indicate that the icy VIP activates the heat conservation mechanism. However, the responses were weak and not consistent. It is, therefore, concluded that the icy VIP facilitates BAT thermogenesis, which in turn raises metabolic heat production, and produces hyperthermia, but it has a minimum effect on heat loss and heat conservation mechanisms in rats. Although VIP, when given intravenously, is known to produce systemic hypotension, the effect of icy VIP on the cardiovascular system has not yet been determined. MIZUTA et al. (1986) briefly reported that, in the urethane-anesthetized rats, the icy injection of VIP at a dose of 10 µg had no effect on systemic blood pressure. In the present study, however, the icy VIP at the same dose produced a slight but significant hypertension concomitant with tachycardia. The discrepancy may be explained by the difference in the animals' condition, since we subjected conscious rats to measurements. The VIP-induced hypertension was consistent at three different Tas. The magnitude of the hypertension, however, was greatest at Ta of 28°C. Similar effects of Ta on blood pressure were found in the case of icy neurotensin-induced hypertension. reported that an icy injection of neurotensin at a dose of 1 µg produced a significant rise in BP at Ta of 28°C but failed to produce hypertension at 18°C. It is inferred that in cool environments cutaneous vessels are fully constricted and further vasoconstriction does not occur, while in a warm environment cutaneous vessels constrict in response to symathetic drive, causing greater rise in blood pressure.
VIP, secretin, and glucagon have similarities in terms of chemical structure. Secretin has 9 amino acid identities with VIP and glucagon 6 identities. Furthermore, glucagon and secretin have 14 amino acid identities (STEWART and CHANNABASA-VAIAH, 1979; FUXE et al., 1979) . The three gastrointestinal peptides, however, had completely different effects on BAT thermogenesis and body temperature when injected intracerebroventricularly. VIP activated BAT and raised body temperature but secretin suppressed BAT thermogenesis and lowered body temperature. However, glucagon had little effect on the thermoregulatory and cardiovascular systems. FUxE et al. (1979) investigated the effects of icy VIP, secretin, and glucagon infusion on catecholamine stores and turnovers in various regions in the median eminence and hypothalamus of rats. In the anterior hypothalamus, for instance, VIP depleted the store of norepinephrine but secretin and glucagon did not affect it, and VIP and glucagon increased norepinephrine turnover but secretin did not affect it. Although catecholamines are one of the potent neuralmodulators in thermoregulation, it is difficult to link the changes of norepinephrine store and turnover in the anterior hypothalamus to the changes in body temperature. However, these findings in catecholamine metabolism made by FUxE et al. (1979) may be comparable with the present results in thermoregulation, that is, despite the similarities in chemical structure, there is no similality in the effects of VIP, secretin, and glucagon on both catecholamine metabolism and thermoregulation in rats.
The icy injections of sCCK-8 at a dose of 10 µg induced hyperthermia in the 0. SHIDO, Y. YONEDA, and T. NAGASAKA present rats. Since (TBAT-Tao) did not change, the mechanisms of sCCK-8-induced hyperthermia may not be a facilitation of BAT activity. KANDASAMY and WILLIAMS (1983) have also shown that, in guinea pigs weighing around 300 g, the icy CCK-8 at large doses (10-100µg) produced dose-related hyperthermia at Ta from 10-31°C. However, several groups have reported that the injections of CCK-8 into the lateral ventricle (KATSUURA and ITOH, 1981; MORLEY et al., 1981; KATSUURA et al., 1983) or into the preoptic anterior hypothalamic area (SHIAN and UN, 1985) produced dose-related hypothermia in conscious rats. In these studies, CCK-8 were used at doses ranging from 20 to 800 ng. It is, therefore, likely that the icy CCK-8 at a small dose produces hypothermia but a large dose induces hyperthermia in rodents.
On the other hand, the icy administrations of nCCK-8 and CCK-4 were ineffective in producing any change in the thermoregulatory and cardiovascular systems. The findings may indicate that the sulfated tryosine residue in the CCK molecule is indispensable for modifying the thermoregulatory and cardiovascular systems. Actually, it has been reported that the sulfate ester on the tyrosine residue is quite important in the biological activity of the CCK molecules (YAJIMA et al., 1976; BODANSZKY et al., 1978; KATSUURA et al., 1983) . 
